INTRODUCTION
Composite materials based on a polyolefin matrix and a filler of layered silicate nanoparticles, nanodis persed clay, constitute a new promising class of com posites that combines such useful qualities as improved performance properties, ecological cleanli ness, and relatively cheap and simple production. At present, they are progressively used in various fields of industry and successfully compete with conventional materials [1] [2] [3] [4] [5] [6] [7] [8] [9] . These systems consist of a mixture of a polymer matrix (continuous phase) and a filler in the form of many ultrathin silicate platelets with a thick ness of ~1 nm and a cross sectional width from 30 nm to a few microns (dispersed phase) [10] . Particles of the filler can form individual stacks, i.e., tactoids of parallel platelets (on the order of 4-6 up to a few tens) with molecules of the matrix polymer located between them, or they can be randomly distributed over the volume of the material in the form of individual inclu sions. Nanocomposites are called intercalated in the first case and exfoliated in the second case. Since hydrophilic clay nanoparticles are incompat ible with nonpolar polymers, to be homogeneously distributed in the matrix, the particles require a non simple chemical surface treatment. This problem is successfully solved via modification of clay minerals with various surfactants. The modification methods for layered silicates and the structure and properties of the resulting nanocomposites are described in detail in [5, 6, [11] [12] [13] .
Which are the main fundamental features of the discussed nanosystems in comparison to those of con ventional microcomposites? First, the interfacial sur face area is huge. Thus, the volume concentration of the surface layers formed on dispersed particles can be very significant. By modifying their physical proper ties, we can effectively change the macroproperties of the material. Second, in the case of an intercalated filler, macromolecules of the polymer matrix penetrate the interlayer gaps of the tactoid and give rise to a high level of matrix-filler interaction in one of their planes (face plane) owing to the "pinching" of the macro molecules between the silicate platelets during defor Abstract-The results of experimental and theoretical studies of the elastoplastic properties of medium den sity polyethylene and nanocomposites formed on its basis with a filler of layered clay minerals are described. It is found that the deformation of these materials is accompanied by a significant change in their volumes, which is primarily caused by the development of internal damage of the system (the formation of pores and cracks at the microlevel). A component that takes into account the change in volume during deformation is introduced into the previously proposed model of a heterogeneous medium that can undergo significant non linear elastic and plastic deformations. For this purpose, we use a differential approach to the construction of constitutive equations and an additive decomposition of the total strain rate tensor of the medium into strain rate tensors of the elastic and plastic components. Using an improved model, we describe the experimental curves of uniaxial stretching for pure PE and two PE based polymer-silicate nanocomposites. The introduc tion of filler particles into the polymer matrix leads to enhancement of the role of two structural mechanisms in the formation of plastic properties: The presence of the filler contributes to the development of internal structural damage; the same particles decrease the orientation ability of the PE matrix, thereby hindering the development of plastic deformations in it. The use of tensor variables in the model makes it appropriate for describing not only stretching but also other types of loading of the material. DOI: 10.1134/S0965545X11120042
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No. 12 2011 GARISHIN et al. mation. In addition, the strength of coupling of the matrix with the lateral surfaces of the tactoid is usually much less, being determined by the adhesive interac tion between the polymer and the surface of the sili cate platelets. All this must have an effect also on the macroproperties of the material. Third, the sizes and pronounced shape anisotropy of the particles of the filler contribute to its texturing in the polymer. Fourth, the shape anisotropy of the particles of the filler during melt flow in the composites leads to its texturing. To design nanocomposite materials, it is necessary to have a clear idea of the processes that occur inside the material at the micromolecular, nanomolecular, and molecular levels and a clear idea of their effect on the development of the mechanical behavior of the system in general.
The authors of [14] looked into the possibility of estimating the mechanical properties of polymer clay nanocomposites with the use of various phenomeno logical models developed for filled thermoplastics. The limits of their applicability are shown, and the need to construct new more sophisticated models that take into account the phenomena occurring in a mate rial during deformation is substantiated.
Usually there are no problems in the formulation of linear models of a structurally inhomogeneous medium with small deformations. These models have been thoroughly studied and described in detail in the literature. After the switch to finite deformations, the situation becomes very complicated. The fact is that there are many methods for this switch. The discus sion of the question about which of them is the best has been unanswered for years. In this context, much attention has been paid to the choice of the objective derivative of the stress tensor [15] .
In [16] , a structural-phenomenological model is proposed for description of the mechanical behavior of polymer composites with a layered silicate nano filler under conditions of finite elastoplastic deforma tions. The constitutive equations of the material are written without the use of the objective derivative of the stress tensor. Therefore, the problem of choosing the objective derivative for it does not arise. This cir cumstance may be regarded as one of the advantages of the proposed approach.
With the use of the proposed model for intercalated and exfoliated nanocomposites, the load curves were described with a fairly acceptable accuracy and the features of the development of plastic flow were stud ied as a function of the concentration of the filler at different stages of deformation. It was assumed in this model that the material is incompressible. At the same time, it is known that, during stretching, changes in volume are observed (mostly because of the develop ment of internal damage in the form of micropores and other discontinuities). Their values depend on various factors: strain rate, temperature, the type of polymer, and the type of filler. The occurrence and development of microcavities plays an important role in the formation of the plastic properties of both pure polyolefins and polyolefin based nanocomposites. It is known that, even in unfilled polymers, the deforma tion process is accompanied by an increase in the number of zones of localized inelastic deformation. The result is that stretching close to the yield point leads to the formation of cavitation zones (crazes and shear bands) in the amorphous phase near the surface of the lamellas; these zones separate the unoriented polymer blocks and are separated from them by well shaped interfaces [17] .
For a theoretical description of the changes in vol ume during deformation, the approach described in [16] was significantly improved. In the new struc tural-phenomenological model, to construct consti tutive equations, we used an elastic potential of a spe cial form that correctly shows the volume changes in an elastoplastic medium under conditions of finite deformation.
In this study, we used a comprehensive approach that involves an experimental investigation of the mechanical properties of nanocomposites with the subsequent theoretical description of them in the form of respective computer models. The model and the results derived through its use constitute the subject matter of this paper.
EXPERIMENTAL STUDIES OF CHANGES IN THE VOLUME OF THE NANOCOMPOSITE
DURING DEFORMATION For the experimental studies, we used PE and PE based nanocomposites with intercalated layered sili cates described in [16, 18, 19] .
The techniques for determining the volume change during loading may be dilatometric (according to the volume of liquid in which the sample undergoes defor mation), based on the sensor aided measurement of the cross section [20] , or based on the use of photo graphs of deformed samples [21] . The last mentioned technique is rarely used primarily, because it is extremely labor intensive: all measurements are per formed by hand with the use of photographs or videos of the samples. In addition, to improve the reliability of results, we need the statistics for at least five sam ples. Note that the cited techniques make it possible to determine a "gross" volume change that is completely in the selected region in a given fragment of the sample at a particular value of local strain. Moreover, it is impossible to study the shapes and sizes of crazes.
In our study, to determine changes in the volume of the deformed samples, we used a technique similar to that described in [21] . To divide the working portion into several regions, i.e., "cells," we applied labels on the surface of cylindrical samples with a diameter of
